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The P rob lem o f  D i m e n 8 i o n a l  I n s t a b i l i t y  i n  A i r f o i l  Models  f o r  
C r y o g e n i c  Wind T u n n e l s  
1. I n t r o d u c t i o n  
C p t i m l t a t i o a  of t h e  c h o i c e  of m a t e r i a l  and f a b r i c a t i o n  
t e c h n i q u e s  f o r  c o n s t r u c t i o n  o f  m o d e l s  f o r  c r y o g e n i c  wind t u n n e l s  
s u c h  a s  t h e  N a t i o n a l  T r a n s o n i c  F F c i l i t y  h a s  p r e s e n t e d  d e s i g n e r s  
w i t h  an  a l m o s t  I n s u p e r a b l e  problem.  Many of t h e  p r o p e r t i e s  
r e q u i r e d  a r e  n e a r  t h e  l i m i t s  a t t a i n a b l e  w i t h  s t a t e - o f  - t h e - a r t  
t e c h n o l o g y ,  and  i n  many cases improvemen t s  i n  one  d i r e c t i o n  seem 
i n e v i t a b l y  t o  be a c c o m p a n i e d  by l o s s e s  i n  o t h e r s .  Thus ,  f o r  
e x a m p l e ,  t h e  material h a s  t o  have  a y i e l d  stress h i g h  enough  t o  
c a r r y  t h e  imposed  a e r o d y n a m i c  l o a d i n g s ,  y e t  be t o u g h  enough  t o  
o p e r a t e  s a f e l y  a t  c r y o g e n i c  t e m p e r a t u r e s .  I t  h a s  t o  be c a p a b l e  of 
b e i n g  f a b r i c a t e d  u s i n g  a v a i l a b l e  m a c h i n i n g  and  j o i n i n g  t e c h n i q u e s  
t o  g i v e  a model  u i t h  a p r e c i s e l y  known s h a p e  and a h i g h  s u r f a c e  
f i n i s h  wh ich  is a b l e  t o  r e t a i n  d i m e n s i o n a l  s t a b i l i t y  d u r i n g  
t h e r m a l  c y c l i n g  b e t w e e n  a m b i e n t  and i t s  c r y o g e n i c  o p e r a t i n g  
t e m p e r a t u r e s .  It h a s  t o  be e i t h e r  i n t r i n s i c a l l y  r e s i s t a n t  t o ,  or 
c a p a b l e  of b e i n g  p r o t e c t e d  a g a i n s t ,  c o r r o s i o n  and  d e g r a d a t i o n  a n d ,  
i f  i t  is t o  be of  maximum u s e  a s  a n  a e r o d y n a m i c  t e s t  f a c i l i t y ,  i t  
h a s  t o  be f u r n i s h e d  w i t h  a complex  a r r a y  of h o l e s ,  t u b e s ,  s e n s o r s ,  
h e a t e r s  and  o t h e r  e x p e r i m e n t a l  f a c i l i t i e s .  
Whi l e  many of t h e s e  r e q u i r e m e n t s  h a v e  been  f a m i l i a r  t o  
g e n e r a t i o n s  o f  e x p e r i m e n t a l  a e r o d y n a m i c i s t s ,  i t  is t h e  h i g h  
R e y n o l d s  Number r e q u i r e m e n t  a n d ,  i n  p a r t i c u l a r ,  t h e  added  
c r y o g e n i c  d i m e n s i o n  t h a t  h a s  r a i s e d  t h e  d e s i g n e r s '  c h a l l e n g e  t o  
i t s  p r e s e n t  l e v e l .  T o b l e r  ( R e f . 1 )  h a s  g i v e n  a c o m p r e h e n s i v e  
i n t r o d u c t i o n  t o  m a t e r i a l s  f o r  c r y o g e n i c  wind t u n n e l  t e s t i n g ,  w h i l e  
Hudson ( R e f . 2 )  h a s  d e s c r i b e d  i n  d e t a i l  t h e  c r i t e r i a  u s e d  i n  t h e  
s e l e c t i o n  of P a t h f i n d e r  I ,  a r e s e a r c h  and d e v e l o p m e n t  model 
i n t e n d e d  t o  h i g h l i g h t  t h e  p r o b l e m  areas a s s o c i a t e d  w i t h  o p e r a t i n g  
a t  t h e  h i g h  l o a d s  and low t e m p e r a t u r e s  t h a t  w i l l  be e z p e r i e n c e d  i n  
t h e  N.T.F.. 
The need  f o r  a d e q u a t e  s t r e n g t h  and  t o u g h n e s s  f o r  s a f e  
o p e r a t i o n  a t  c r y o g e n i c  t e m p e r a t u r e s  s e v e r e l y  l i m i t s  t h e  r a n g e  o f  
m a t e r i a l s  a v a i l a b l e  f o r  model  c o n s t r u c t i o n .  I n  o r d e r  t o  meet t h e  
minimum a c c e p t a b l e  t o u g h n e s s  r e q u i r e r e n t s ,  many h i g h - s t r e n g t h  
m a t e r i a l s  have  t o  be h e a t - t r e a t e d  t o  a l ower  s t r e n g t h  c o n d i t i o n  
and  t h i s  c a n  l e a d  t o  d i m e n s i o n a l  i n s t a b i l i t y ,  e i t h e r  a s  a r e s u l t  
o f  t h e  f o r m a t i o n  of an  u n s t a b l e  m e t a l l u r g i c a l  s t r u c t u r e  or due  t o  
t h e  s t r e s ses  i n d u c e d  on c o o l i n g  f rom t h e  h e a t - t r e a t r e n t  
t e m p e r a t u r e .  F u r t h e r m o r e ,  mos t  c o n v e n t i o n a l  f a b r i c a t i o n  
t e c h n i q u e s  c r e a t e ,  t o  a g r e a t e r  or lesser e x t e n t ,  t e n s i l e  or 
c o m p r e s s i v e  s t resses  i n  t h e  m a t e r i a l  and i n  many c a s e s  t h e y  a l s o  
r e s u l t  i n  a l o c a l i z e d  m o d i f i c a t i o n  t o  i t s  m i c r o s t r u c t u r e .  
C o n s i d e r a b l e  warpage  c a n  be c a u s e d  e i t h e r  by t h e  c r e a t i o n  or 
r e l i e f  of t h e s e  stresses d u r i n g  model  f a b r i c a t i o n ,  w h i l e  
a d d i t i o n a l  d i m e n s i o n a l  i n s t a b i l i t y  c a n  be c a u s e d  by t h e  s t r a i n s  
i n d u c e d  by d i f f e r e n t i a l  t h e r m a l  c o n t r a c t i o n  d u r i n g  t e m p e r a t u r e  
c y c l i n g  be tween  room and c r y o g e n i c  t e m p e r a t u r e s .  F i n a l l y ,  s t ress  
r e l i e f ,  c o n v e n t i o n a l l y  o b t a i n e d  by h i g h - t e m p e r a t u r e  
h e a t - t r e a t m e n t s ,  c a n  a l s o  i n  some c a s e s  be o b t a i n e d  by s u i t a b l e  
c r y o g e n i c  t e m p e r a t u r e  c y c l e s .  
model w i l l  t h e r e f o r e  depend  on t h e  b a s i c  m e t a l l u r g i c a l  s t a b i l i t y  
T h e  u l t i m a t e  d i m e n s i o n a l  s t a b i l i t y  of a c r y o g e n i c  wind t u n n e l  
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o f  t h e  mater181 c h o s e n  and  t h e  a b i l i t y  o f  t h e  d e s i g n e r  and  
m a n u f a c t u r e r  t o  d e v i s e  a s c h e d u l e  of  m a c h i n i n g  8nd  h e a t - t r e a t m e n t  
c y c l e s  t h a t  w i l l  m i n i m i z e  r e s i d u a l  8nd  o p e r a t i o n a l l y - i n d u c e d  
stresses.  
o u t ,  t h e  many f a c t o r s  t h a t  c o n t r i b u t e  t o  d i m e n s i o n a l  s t a b i l i t y  in 
c r y o g e n i c  m o d e l s ,  and  t o  p r o v i d e  a p o s s i b l e  f r amework  on which  
e x i s t i n g  i n f o r m a t i o n  can be u n d e r s t o o d  and  f u t u r e  work p l a n n e d  In 
8 c o - o r d i n 8 t e d  and  m e a n i n g f u l  manner .  
2. Background t o  t h e  P r e s e n t  1 n v e s t : i g a t i o n  and  Basic D i a g n o s i s  
T h i s  repor t  s e e k s  t o  i d e n t i f y ,  and  where  p o s s i b l e  s e p 8 r a t e  
In J u n e  1 9 8 1  a p o s t - t e s t i n g  c o - o r d i n a t e  c h e c k  was c a r r i e d  o u t  
on a 1 2 2  a i r f o i l  m a n u f a c t u r e d  f rom 15-5PH s t a i n l e s s  s tee l  t h a t  had 
b e e n  t e s t ed  i n  t h e  0.31. c r y o g e n i c  u i n d  t u n n e l  a t  LaRC.  
Compar i son  w i t h  s imi la r  m e a s u r e a e n t s  t a k e n  be f  3re t e s t i n g  showed a 
O.OO2in. d e c a m b e r i n g  o f  t h e  a f t  a i r f o i l  s e c t i o n  ( b i n . c h o r d )  a n d  a 
0.006111. bow o v e r  t h e  8111. s p a n .  F o l l o w i n g  i n i t i a l  d i s c u s s i o n s  
b e t w e e n  t h e  a u t h o r  and  L a R C  p e r s o n n e l  on p o s s i b l e  c a u s e s  of  t h i s  
w a r p a g e ,  a s e c o n d  s i m i l a r  a i r f o i l  was c o o l e d  t o  78K (-196Cs-32OF) 
in a l i q u i d  n i t r o g e n  s t o r a g e  v e s s e l  and  i t  t o o  warped  by a s imilar  
a m o u n t ,  t h e r e b y  e l i m i n a t i n g  a e r o d y n a m i c  l o a d i n g  as a m a j o r  c a u s e  
o f  t h e  problem.  As 15-5PH s t a i n l e s s  s tee l  had been  u s e d  
s u c c e s s f u l l y  f o r  a i r f o i l s  i n  a m b i e n t  t e m p e r a t u r e  wind t u n n e l s ,  a l l  
i n d i c a t i o n s  were t h a t  i t  w a s  t h e  c r y o g e n i c  t e m p e r a t u r e  c y c l e  t h a t  
w a s  r e s p o n s i b l e  f o r  c a u s i n g  t h e  d i m e n s i o n a l  i n s t a b i l i t y .  
T h e r e  are two b a s i c  mechan i sms  t h a t  c a n  l e a d  t o  warpage :  
- m e t a l l u r g i c a l  s t r u c t u r a l  i n s t a b i l i t y  i n  wh ich  one  p h a s e  
t r a n s f o r m s  p a r t i a l l y  o r  f u l l y  i n t o  a s e c o n d  p h a s e  wh ich  
h a s  a d i f f e r e n t  c r y s t a l  s t r u c t u r e  and  volume.  
i n d u c e d  or r e s i d u a l  s t resses .  
- d e f o r m a t i o n  d u e  t o  t h e  c r e a t i o n ,  or r e l i e f ,  of  u n b a l a n c e d  
In t h e  c a s e  of  t h e  15-5PH a i r f o i l s ,  I t  is h i g h l y  p r o b a b l e  
t h a t  i t  was t h e  f o r m e r  of t h e s e  mechan i sms  t h a t  was r e s p o n s i b l e  
f o r  t h e  m a j o r i t y  of t h e  o b s e r v e d  warpage .  In o r d e r  t o  a c h i e v e  t h e  
maximum t o u g h n e s s  a t  78K, t h e  mater ia l  had  been  h e a t - t r e a t e d  t o  
t h e  H1150U c o n d i t i o n  wh ich  g a v e  a Charpy  i m p a c t  e n e r g y  i n  e x c e s s  
o f  t h e  2 5 f t . l b .  minimum r e q u i r e d .  Da ta  s u p p l i e d  by t h e  
m a n u f a c t u r e r s ,  ARHCO, (Ref  .3) showed t h e  r e l a t i o n s h i p  be tween  
s t r e n g t h ,  i m p a c t  e n e r g y  and  c o n t r a c t i o n  a f t e r  h e a t - t r e a t m e n t  t h a t  
i s  g i v e n  i n  T a b l e  1 ,  t o g e t h e r  w i t h  o u r  comments on t h e  p r o b a b l e  
p h a s e  s t r u c t u r e s  p r o d u c e d  by t h e  v a r i o u s  h e a t - t r e a t m e n t s .  
T a b l e  1: 15-5PH S t a i n l e s s  S t e e l  S t a b i l i t y  Data 
C o n t r a c t i o n  R.T. 
C o n d i t i o n  CV,-320F H.T.-R.T. C r y o c y c l e  T e n s i l e  S t r u c t u r e  
( f t . l b )  ( 1 n . I l n . )  S t a b i l i t y  (ksl) 
H 900 - . 0004s  - 190 Mar t e n s 1 t I c (mb)  
H 1025 2.0 -00053 good 155 In1 s 
H 1100 3.5 .0009 - 140 m l  s 
H 1150 - .0022 - 135 m / s  + a u s t e n i t e  
H 1150H 33.0 e00243 p o o r  115  m/s + a u s t e n i t e  
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I t  can be seen t h a t  c o n s i d e r a b l e  c o n t r a c t i o n  t a k e s  p l a c e  
a f t e r  t h e  H1150 a n d  Hl lSOn h e a t - t r e a t m e n t s  d u e  t o  t h e  r e f o r m a t i o n  
of  a b o u t  12-15% a u s t e n i t e  f r o m  t h e  p r e v i o u s l y  t e 8 p e r e d  martensi t ic  
s t r u c t u r e .  T h i s  a u s t e n i t e  i s ,  however ,  o n l y  m e t a s t a b l e  and  low 
t e m p e r a t u r e  c y c l i n g ,  m a c h i n i n g  or o t h e r  f o r m s  of d e f o r m a t i o n  
t r i g g e r  o f f  a p a r t i a l  t r a n s f o r m a t i o n  back  to  m a r t e n s i t e  wh ich  is 
a c c o m p a n i e d  by a volume e x p a n s i o n .  I n  an a s y m m e t r i c  s e c t i o n  s u c h  
as  a n  a i r f o i l ,  and  where  t h e  e f f e c t  o f  m a c h i n i n g  would be more 
p r o n o u n c e d  i n  t h i n n e r  s e c t i o n s  t h a n  t h e  t h i c k e r  p a r t s ,  t h e s e  
volume c h a n g e s  would show up as warpage .  
The e n e r g y  r e q u i r e d  t o  t r i g g e r  o f f  t h e  a u s t e n i t e  t o  
m a r t e n s i t e  t r a n s f o r r a t i o n ,  wh ich  t a k e s  p l a c e  by i n s t a n t a n e o u s  
s h e a r  r a t h e r  t h a n  by a n u c l e a t i o n  and  d i f f u s i o n  c o n t r o l l e d  g r o w t h  
mechanism,  is p r o b a b l y  p r o v i d e d  by d i f f e r e n t i a l  t h e r m a l  ccmttactlon 
across  t h e  s e c t i o n .  L a r g e  t e m p e r a t u r e  g r a d i e n t s  would e n c o u r a g e  
s u c h  t r a n s f o r m a t i o n ,  as would r a p i d  t e m p e r a t u r e  c h a n g e s ,  and  t h u s  
i t  Is t h e  RATE o f  c o o l i n g  and  warming and t h e  IIUUBER of c r y o g e n i c  
c y c l e s  t h a t  d e t e r m i n e  t h e  d e g r e e  o f  t r a n s f o r r a t i o n ,  r a t h e r  t h a n  
t h e  LENGTH OF TIUE h e l d  a t  a p a r t i c u l a r  t e m p e r a t u r e .  Rap id  
c h a n g e s  o f  s e c t i o n  would a l s o  e x a g g e r a t e  t h e  p r o b l e m  as l a r g e r  
t e m p e r a t u r e  g r a d i e n t s ,  and  h e n c e  h i g h e r  t h e r m a l  s tresses,  are set  
up a c r o s s  t h e  t h i c k e r  s e c t i o n s .  
C o n f i r m a t i o n  f o r  t h i s  h y p o t h e s i s  came f rom s u b s e q u e n t  
e x p e r i m e n t a l  work wh ich  rhowed t h a t  t h e  15-5PH f la t  specimn in the 
H 1 1 5 0 U  c o n d i t i o n s  c o n t i n u e d  t o  d i s t o r t  even  a f t e r  many 
c r y o g e n i c  c y c l e s .  F u r t h e r m o r e ,  a s i m i l a r  15-5PH a i r f o i l  t h a t  had 
b e e n  h e a t - t r e a t e d  t o  t h e  H1025 c o n d i t i o n  showed i t  t o  be more 
s t a b l e  when c r y o c y c l e d ,  d u e  p r o b a b l y  t o  i t s  s t r u c t u r e  b e i n g  100% 
t e m p e r e d  m a r t e n s i t e  w i t h  no r e f o r m e d  a u s t e n i t e .  
S t r u c t u r a l  i n s t a b i l i t y  is t h e r e f  o r e  one  i m p o r t a n t  mechanism 
r e s p o n s i b l e  f o r  warpage  i n  c r y o g e n i c  wind t u n n e l  mode l s .  However ,  
t e s t s  c a r r i e d  o u t  a t  L a R C  on m e t a l l u r g i c a l l y  s t a b l e  ma te r i a l s  s u c h  
a s  t h e  300 s e r i e s  and  t h e  n i t r o g e n - s t r e n g t h e n e d ,  h igh-manganese  
N i t r o n i c  40  s t a i n l e s s  s t e e l s ,  showed t h a t  t h e y  t o o  were n o t  
c o m p l e t e l y  f r e e  f r o m  w a r p a g e ,  a l b e i t  t o  a less s e r i o u s  d e g r e e ,  
a f t e r  c r y o g e n i c  c y c l i n g .  
T h e s e  i n i t i a l  i n v e s t i g a t i o n s  a l s o  showed up a s e r i o u s  p r o b l e m  
w i t h  t h e  N i t r o n i c  40 b e i n g  u s e d  f o r  t h e  c o n s t r u c t i o n  of P a t h f i n d e r  
I and  o t h e r  m o d e l s  f o r  u s e  i n  c r y o g e n i c  wind t u n n e l s .  I t  was 
f o u n d  t o  c o n t a i n  s m a l l  q u a n t i t i e s  of d e l t a  f e r r i t e  and t o  be i n  a 
s e n s i t i z e d  c o n d i t i o n  d u e  t o  t h e  p r e s e n c e  of g r a i n  b o u n d a r y  
c a r b i d e s ,  b o t h  of  which  l o w e r e d  i t s  t o u g h n e s s  as measu red  by 
Charpy  i m p a c t  t e s t s  a t  78K. The r e s u l t s  of i n v e s t i g a t i o n s  t o  
c h a r a c t e r i s e  and  r e s t o r e  t h e  p r o p e r t i e s  of t h i s  mater ia l  a re  g i v e n  
i n  an  LaRC High  Number c o n t r a c t o r  r e p o r t  ( R e f . 4 )  w r i t t e n  by t h e  
a u t h o r  of t h i s  r e p o r t .  
3 .  U i c r o s t r u c t u r a l  S t a b i l i t y  i n  S t e e l s  
3.1 S i n g l e  p h a s e  a u s t e n i t i c  s t a i n l e s s  s t e e l s  
The f a c e - c e n t e r e d - c u b i c  a u s t e n i t i c  p h a s e  of i r o n  n o r m a l l y  
f o u n d  a t  t e m p e r a t u r e s  i n  e x c e s s  o f  91OoC c a n  be s t a b i l i z e d  t o  room 
t e m p e r a t u r e  and  be low by t h e  a d d i t i o n  of s u f f i c i e n t  a u s t e n i t e  
s t a b i l i z e r s  s u c h  as N i c k e l ,  Manganese ,  Carbon and  N i t r o g e n .  For 
e x a m p l e ,  t h e  20% n i c k e l  i n  t y p e  310  makes i t  p a r t i c u l a r l y  s t a b l e ,  
w h i l e  t h e  h i g h  n i t r o g e n  c o n t e n t s  of t y p e s  304N, 316N and 3 4 7 1  and  
t h e  h i g h  manganese  N i t r o n i c  40  e n s u r e  t h a t  t h e s e  s t a i n l e s s  s t e e l s  
a r e  a l s o  h i g h l y  r e s i s t a n t  t o  t r a n s f o r m a t i o n s .  S t r i c t l y  s p e a k i n g ,  
t h e  a u s t e n i t e  p h a s e  i s  o n l y  m e t a s t a b l e  and i n  a number of t h e  
3 
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l e a n e r  g r a d e s  w i t h  n i c k e l  c o n t e n t s  on t h e  b o r d e r l i n e  of t h e  8% 
r e q u i r e d  f o r  s t a b i l i t y ,  t r a n s f o r m a t i o n ,  accompan ied  by a volume 
i n c r e a s e ,  c a n  t a k e  p l a c e  t o  t h e  h a r d e r  f e r r o m a g n e t i c  m a r t e n s i t e  
p h a s e .  T h i s  change  c a n  be i n d u c e d  t h e r m a l l y  by l o w e r i n g  t h e  
t e m p e r a t u r e  below t h e  Hs t e m p e r a t u r e ,  v a l u e s  of which  c a n  be 
c a l c u l a t e d  by f o r m u l a e  s u c h  as t h a t  g i v e n  by Eiche lman  and B u l l  
(Re f .5 )  wh ich  b a l a n c e  o u t  t h e  a u s t e n i t e  s t a b i l i z i n g  e f f t c t  of  
e l e m e n t s  s u c h  as h i ,  Ha, C and N a g a i n s t  t h a t  of f e r r i t e  
s t a b i l i z e r s  s u c h  as C r ,  S i .  no, U, etc .  The lower t h e  v a l u e  of nS 
w i t h  r e s p e c t  t o  room t e m p e r a t u r e ,  t h e  more r e s i r t a n t  is t h e  a l l o y  
t o  m a r t e n s i t i c  t r a n s f o r m a t i o n  i n d u c e d  by t h e r m a l  c y c l i n g .  Thus ,  
f o r  example ,  some h e a t s  of t y p e  304 i n  which  n, is  j u s t  be low room 
t e m p e r a t u r e  show l a r g e  amoun t s  of s p o n t a n e o u s  t r a n s f  o r m a t i o n  on 
c y c l i n g  be tween room and l i q u i d  n i t r o g e n  t e m p e r a t u r e s .  
f ew  hundred  d e g r e e s  h i g h e r  t h a n  t h e  n,, which  i n d i c a t e s  t h e  d e g r e e  
of  s t a b i l i t y  a g a i n s t  m a r t e n s i t e  i n d u c e d  by p l a s t i c  d e f o r m a t i o n  
d u r i n g  f o r m i n g  and  m a c h i n i n g  o p e r a t i o n s .  Thus ,  f o r  example ,  a 
mater ia l  w i t h  a n  nD t e m p e r a t u r e  above  a m b i e n t  is  l i k e l y  t o  have  
c o n s i d e r a b l e  amounts  of m a r t e n s i t e  formed d u r i n g  mach in ing .  
Fo rmulae  f o r  HD b a s e d  on t h e  c h e m i c a l  c o m p o s i t i o n  of t h e  a l l o y  
h a v e  a l s o  been d e v e l o p e d  f o r  some a u s t e n i t e  s t e e l s  (Ref .6) .  
F u r t h e r m o r e ,  a s  m a r t e n s i t e  is more s t a b l e  t h a n  a u s t e n i t e  i t  is 
n e c e s s a r y  t o  r e h e a t  t o  t e m p e r a t u r e s  of l O O O C  (1900F)  or h i g h e r  
b e f o r e  t h e  m a r t e n s i t e  i s  c o m p l e t e l y  r e s o l u t i o n i s e d .  Lower 
t e m p e r a t u r e  h e a t - t r e a t m e n t s  do ,  however  , t emper  t h e  m a r t e n s i t e  and 
make i t  t o u g h e r .  
I t  s h o u l d  be n o t e d  i n  p a s s i n g  t h a t  h e a t - t r e a t m e n t  of t h e  
a u s t e n i t i c  s t a i n l e s s  s t e e l s  n e e d s  t o  be c a r r i e d  o u t  w i t h  some 
c a r e .  E x c e s s i v e  time s p e n t  i n  t h e  t e m p e r a t u r e  r a n g e  be tween 590C 
and  920C (1100-17OOF) c a n  c a u s e  t h e  mater ia l  t o  become s e n s i t i z e d  
d u e  t o  t h e  p r e c i p i t a t i o n  of  c a r b i d e s  and s igma  phase  i n  i t s  g r a i n  
b o u n d a r i e s ,  and a t  room t e m p e r a t u r e  t h i s  c a u s e s  a l o s s  of 
c o r r o s i o n  r e s i s t a n c e  and t h e  c o n s e q u e n t  l i a b i l i t y  t o  i n t e r g r a n u l a r  
a t t a c k .  Of much g r e a t e r  i m p o r t a n c e  f o r  c r y o g e n i c  a p p l i c a t i o n s  is , 
however ,  t h e  s e r i o u e  l o s s  of t o u g h n e s s  a t  l i q u i d  n i t r o g e n  
t e m p e r a t u r e s  due t o  t h e  e a s e  w i t h  which  f r a c t u r e  is n u c l e a t e d  and 
p r o p a g a t e d  i n  a low e n e r g y  mode a l o n g  t h e  g r a i n  b o u n d a r i e s .  
U n f o r t u n a t e l y ,  a i r f o i l  mode l s  are  f r e q u e n t l y  c o o l c d  t h r o u g h  t h i s  
s e n s i t i z i n g  t e m p e r a t u r e  r a n g e  a f t e r  p o s t - m a c h i n i n g ,  
s t r e s s - r e l i e v i n g  h e a t - t r e a t m e n t s  a t  l O O O C  ( 1900F) , and u n l e s s  
c o o l i n g  is r a p i d ,  q u i t e  s e v e r e  l o s s  of t o u g h n e s s  c a n  o c c u r .  
[ S e n s i t i z a t i o n  i n  N i t r o n i c  40  i s  d l s c u s s e d  a t  l e n g t h  i n  Ref .41.  
s t e e l s  is  t h e i r  r e l a t i v e l y  low y i e l d  s t r e n g t h s ,  b u t  t h e  a d d i t i o n  
of  up t o  0.4% n i t r o g e n ,  t o g e t h e r  w i t h  t h e  manganese  i n  t h e  
21Cr ,6NID9Hn s t a i n l e s s ,  N i t r o n i c  40 g i v e s  a m a t e r i a l  a b l e  t o  
a t t a i n  t h e  1.03 C.Pa ( 1 S O k s i )  minimum y i e l d  s t r e s s  at cry0 t e rgera ture  
required f o r  the NTF Pathfinder  I d e l .  k l a g  u tb MtWid 18 not  
d e g r a d e d  by s e n s i t i z a t i o n  or t h e  p r e s e n c e  of d e l t a  f e r r i t e ,  i t  i s  
a l s o  c a p a b l e  of e x c e e d i n g  c o m f o r t a b l y  t h e  minimum i m p a c t  e n e r g y  
r e q u i r e m e n t  of  345  ( 2 S f t . l b )  a t  7 8 K  (-196CD-32OF),  hence  i t s  
c h o i c e  f o r  t h e  c o n s t r u c t i o n  of P a t h f i n d e r  I .  
l e v e l s  a r e  a l a 0  a v a i l a b l e  which  g i v e  m e c h a n i c a l  p r o p e r t i e s  s i m i l a r  
t o  t h o s e  of N i t r o n i c  40. T h e s e  i n c l u d e  ARMCO's N i t r o n i c  33  
(18CrD3Ni ,13Mn)  and N i t r o n i c  50 ( 2 2 C r D 1 3 N i , 5 n n ) ,  and C a r p e n t e r ' s  
18-18 P l u s  (lBCr,ONi,18Nn,O.5N). A t  t h e  8 t h  I n t e r n a t i o n a l  
C r y o g e n i c  M a t e r i a l s  C o n f e r e n c e  i n  San D i e g o ,  August  1981 ,  many 
p a p a r s  were p r e s e n t e d  on h igh -manganese ,  h i g h - n i t r o g e n  s t a i n l e r s  
A l s o  s i g n i f i c a n t  is t h e  s o - c a l l e d  nD t e m p e r a t u r e .  u s u a l l y  a 
One major d i s a d v a n t a g e  of t h e  300 s e r i e s  a u s t e n i t i c  s t a i n l e s s  
O t h e r  a l l o y s  w i t h  d i f f e r e n t  mangane re ,  n i c k e l  and n i t r o g e n  
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s t e e l s  by American a n d  J a p a n e s e  w o r k e r s  a n d  i t  would aeem t h a t  
t h i s  i s  an area of  s i g n i f i c a n t  o n g o i n g  i n t c r e r t .  It is 
recommended t h a t  t h e s e  d e v e l o p m e n t s  s h o u l d  be f o l l o w e d  t o  see 
w h e t h e r  mater ia l s  a re  d e v e l o p e d  t h a t  are s u i t a b l e  f o r  c r y o g e n i c  
wind  t u n n e l  mode l s .  
c o n s i d e r e d  f o r  c o n s t r u c t i o n  of  m o d e l s  f o r  c r y o g e n i c  wind t u n n e l s  
is t h e  p r e c i p i t a t i o n - h a r d e n a b l e  A286 w h i c h  h a s  i n  f a c t  b e e n  u s e d  
s u c c e s s f u l l y  f o r  a i r f o i l s  t e s t e d  i n  t h e  0.3m T.C.T. a t  LaRC. I t s  
somewhat  low y i e l d  s t r e n g t h  of 827KPa ( 1 2 O k s i )  a t  78K, t o g e t h e r  
w i t h  d i f f i c u l t i e s  in o b t a i n i n g  m a t e r i a l  in t h e  a p p r o p r i a t e  p r o d u c t  
f o r m s ,  c a u s e d  i t  t o  be e l i m i n a t e d  f rom f i n a l  c o n s i d e r a t i o n  f o r  
P a t h f i n d e r  I ,  b u t  i t s  s u c c e s s f u l  t r a c k  r e c o r d  in t h e  0 . 3 m  T.C.T. 
s u g g e s t s  t h a t  i t s  f u t u r e  u s e  s h o u l d  n o t  be d i s c o u n t e d  l i g h t l y .  
The r e m a i n i n g  f u l l y  a u s t e n i t i c  s t a i n l e s s  s t e e l  s e r i o u s l y  . 
> . 2  The m a r t e n s i t i c  a n d  s e m i - a u s t e n i t i c  p r e c i p i t a t i o n  
h a r d e n a b l e  s t a i n l e s s  s t e e l s  
A s  n o t e d  in t h e  p r e v i o u s  s e c t i o n ,  t h e  minimum y i e l d  s t r e s s  
c o n s i d e r e d  a c c e p t a b l e  €or P a t h f i n d e r  I is 1.03 GPa ( 1 5 0 k s i )  a t  78K 
(-196C,-320F).  T h i s  is n o t  an  e x c e p t i o n a l l y  h i g h  s t r e s s  l e v e l  
( 8 5 k s i . i n  ) i s  n o t  e x c e s s i v e l y  c a u t i o u s ,  b u t  a p p l i e d  t o g e t h e r  
t h e y  s e r v e  t o  n a r r o w  d r a s t i c a l l y  t h e  r a n g e  of m a t e r i a l s  s u i t a b l e  
f o r  model  c o n s t r u c t i o n .  B a s i c a l l y ,  t h i s  is  b e c a u s e  most 
m e t a l l u r g i c a l  techniques t h a t  i n c r e a s e  t h e  y i e l d  s t ress  a l s o  c a u s e  
a d e c r e a s e  i n  f r a c t u r e  t o u g h n e s s .  F u r t h e r m o r e ,  as t h e  c r i t i c a l  
f l a w  s i z  in a s t r u c t u r e  is r e l a t e d  t o  t h e  c r a c k  s i z e  f a c t o r ,  
( K  
i n c r e a s e  in f r a c t u r e  t o u g h n e s s  w i l l  lower t h e  r e s i s t a n c e  of t h e  
m a t e r i a l  t o  u n s t a b l e ,  l ow-ene rgy  c r a c k  p r o p a g a t i o n .  
Y i e l d  s t r e n g t h s  c o n s i d e r a b l y  i n  e x c e s s  of  1.03GPa ( 1 5 O k s i )  
a r e  o b t a i n a b l e  f r o m  many of  t h e  m a r t e n s i t i c  
p r e c i p i t a t i o n - h a r d e n a b l e  s t a i n l e s s  s t e e l s  s u c h  as 17-4PH, 15-5PH. 
13-8Mo and  Custom 4 5 0 ,  and  t h e  s e m i - a u s t e n i t i c  t y p e s  17-7PH, 
PH15-7Mo, PH14-8Mo, AM350 a n d  AM355. However ,  i n  t h e  f u l l y  a g e d  
c o n d i t i o n s ,  t h e i r  f r a c t u r e  t o u g h n e s s e s  a r e  f a r  t o o  low f o r  
c r y o g e n i c  a p p l i c a t i o n s ,  a n d  i t  i s  n e c e s s a r y  t o  t e m p e r  them t o  t h e  
H1150M c o n d i t i o n  t o  o b t a i n  e v e n  t h e  minimum a c c e p t a b l e  t o u g h n e s s .  
U n f o r t u n a t e l y ,  t h i s  is a c h i e v e d  m e t a l l u r g i c a l l y  by a p a r t i a l  
r e f o r m a t i o n  of  m a r t e n s i t e  t o  a u s t e n i t e  a n d ,  as  w e  saw i n  S e c t i o n  2 
f o r  t h e  15-5PH a i r f o i l ,  t h i s  a u s t e n i t e  c a n  be u n s t a b l e  and 
t r a n s f o r m  b a c k  t o  m a r t e n s i t e  d u r i n g  s u b s e q u e n t  e x p o s u r e  t o  
c r y o g e n i c  t e m p e r a t u r e s .  A s  t h e  a u s t e n i t e  t o  m a r t e n s i t e  
t r a n s f o r m a t i o n  is a c c o m p a n i e d  by a volume i n c r e a s e ,  w a r p a g e  c a n  
o c c u r  i n  a s y m m e t r i c  s e c t i o n s  s u c h  as a i r f o i l s .  
1 5 %  a u s t e n i t e  is r e f o r m e d  by t h e  1150M h e a t - t r e a t m e n t  and 
i t  i s  h i g h l y  p r o b a b l e  t h a t  t h i s  a u s t e n i t e  is i n  a m e t a s t a b l e  
c o n d i t i o n  t h a t  w i l l  r e v e r t  t o  mar tens i te  d u r i n g  c r y o g e n i c  c y c l i n g ,  
t h u s  c r e a t i n g  w a r p a g e .  
I n  t h e  c a s e  of  t h e  13-8x0 a l l o y ,  a g a i n  much of t h e  p i c t u r e  i s  
t h e  same as t h a t  f o r  t h e  15-5PH a n d  17-4PH a l l o y s .  F o r  e x a - p l e ,  
T a b l e  2 t a k e n  f r o m  t h e  ARMCO P r o d u c t  Data B u l l e t i n  on 13-8Mo 
( R e f . 7 ) ,  shows a s i g n i f i c a n t l y  h i g h e r  c o n t r a c t i o n  on c o o l i n g  f r o m  
t h e  1 1 5 0  a n d  1150M h e a t - t r e a t m e n t s  t h a n  t h a t  f o u n d  a f t e r  t h e  l o w e r  
t empera  t u re h e a t - t r e a t  men t s . 
a n d  t h e  f f t 5 t u r e  t o u g h n e s s  r e q u i r e m e n t  of  a t  l e a s t  93.5 MPa.m I f 2  
/d )’, a n  i n c r e a s e  in y i e l d  s t r e s s  w i t h o u t  a c o r r e s p o n d i n g  
I C  Y 
A s i m i l a r  s i t u a t i o n  e x i s t s  i n  17-4PH in t h a t  be tween  1 2  a n d  
5 
T a b l e  2: D i m e n r l o n a l  C h a n p e r  a f t e r  H e a t - t r e a t m e n t  o f  13-8Ho 
S t a i n l e r r  S t e e l  (Ref.8) 
H a r d c n i n  T e m p e r a t u r e ,  C o n t r a c t  ion* 
'F ( C )  i n /  i n  (mm/mm) 
9 5 0  ( 5 1 0 )  -0004 t o  -0006 
1000 ( 5 3 8 )  a0004 t o  SO006 
1 0 5 0  ( 5 6 6 )  moo05 t o  no008 
1 1 0 0  ( 5 9 3 )  e0008  t o  ,0012  
1150 ( 6 2 1 )  00 30 
1400+1150 (760+621) (1150H)  e0035 
*Samples  in C o n d i t i o n  A p r i o r  t o  h e a t  t r e a t m e n t .  
Once a g a i n  t h i s  is p r o b a b l y  d u e  t o  t h e  r e f o r m a t i o n  of a 
s i g n i f i c a n t  p e r c e n t a g e  of  a u s t e n i t e  d u r i n g  t h e  H1150 a n d  ll5OkI 
h e a t  t r e a t m e n t s .  P e r r y  and  J a s p e r  ( R e f . 8 )  make t h e  f o l l o w i n g  
comment on t h e  m i c r o s t r u c t u r e  of 13-8Ho i n  v a r i o u s  f o r m s  of 
h e a t - t r e a t m e n t :  
" ( A f t e r )  h e a t - t r e a t m e n t  a t  t h e  lowest a g e i n g  t e m p e r a t u r e ,  i n  
t h i s  case 9 0 0 F  ( 4 8 2 C ) ,  t h e  m i c r o s t r u c t u r e  is e s s e n t i a l l y  
c o m p l e t e l y  m a r t e n s i t i c .  As t h e  a g e i n g  t e m p e r a t u r e  i n c r e a s e s ,  so 
d o e s  t h e  amount of  r e f o r m e d  a u s t e n i t e .  The H1150kI c o n d i t i o n  ( t h e  
s o f t e s t  f o r  t h e s e  s t e e l s )  h a s  a r a t h e r  c o m p l e x  m i c r o s t r u c t u r e .  
H e a t i n g  t o  1400F(760C) r e s u l t R  in much of  t h e  m a r t e n s i t e  g o i n g  
i n t o  s o l u t i o n  a t  t h a t  t e m p e r a t u r e .  Upon c o o l i n g  t o  room 
t e m p e r a t u r e  , some o f  t h e  a u s t e n i t e  is t r a n r f  ormed t o  u n t e m p e r e d  
m a r t e n s i t e .  The res t  o f  t h e  a u s t e n i t e  r e m a i n s  as a u s t e n i t e  and  
t h e  b a l a n c e  is h i g h l y  o v e r a g e d  m a r t e n s i t e .  The 115OF ( 6 2 0 C )  
a g e i n g  t h e n  ages t h e  m a r t e n s i t e  t h a t  was formed as a r e s u l t  of 
c o o l i n g  f r o m  1400F  ( 7 6 0 C ) ,  t o g e t h e r  w i t h  some a d d i t i o n a l  r e f o r m e d  
a u s t e n i t e .  T h e r e f o r e ,  t h e  f i n a l  m i c r o s t r u c t u r e  c o n s i s t s  of  h i g h l y  
o v e r a g e d  m a r t e n s i t e ,  normal o v e r a g e d  m a r t e n s i t e  and  r e f o r m e d  
a u s t e n i t e  wh ich  is c o m p l e t e l y  t h e r m a l l y  s t a b l e  ( o u r  u n d e r l i n i n g ) .  
T h i s  r e s u l t s  i n  a h e a t - t r e a t e d  s t a i n l e s s  s tee l  w i t h  r e a s o n a b l y  
good I m p a c t  s t r e n g t h  a t  t e m p e r a t u r e 8  a$ low a8 -320F (-196C)". 
The r e l e v a n c e  o f  c o n s i d e r i n g  t h e  m e t a l l u r g i c a l  s t a b i l i t y  of 
13-8Mo i n  t h e  Hll5OH c o n d i t i o n  i n  s u c h  d e t a i l  l i e s  in i t s  c h o i c e  
f o r  t h e  b a c k u p  s o l i d  wing  on P a t h f i n d e r  1. Of c r i t i c a l  i m p o r t a n c e  
is t h e  v a l i d i t y  or o t h e r v i r e  of  t h e  s t a t e m e n t  q u o t e d  a b o v e ,  t h a t  
t h e  a u s t e n i t e  is " c o m p l e t e l y  t h e r m a l l y  s t a b l e " .  The p o r r i b i l i t y  
h a s  t o  be f a c e d  t h a t ,  a l t h o u g h  t h i r  m i g h t  be t r u e  f o r  c o n v e n t i o n a l  
a p p l i c a t o n r ,  t h e  v e r y  h i g h  d i m e n s i o n a l  r t a b i l i t y  demanded of 
models f o r  c r y o g e n i c  wind t u n n c l r  m i g h t  n o t  be met by 13-8Ho in 
t h e  H1150M c o n d i t i o n .  I t  ir c o n c e i v a b l e  t h a t ,  f o r  e x a m p l e ,  t h e  
d e f o r m a t i o n  i n d u c e d  by remi-f  i n i s h  m a c h i n i n g  migh t  t r  i g g e r  o f f  
f u r t h e r  a u r t e n i t e  t r a n s f o r m a t i o n ,  and w a r p a g e ,  d u t i n g  t h e  i n i t i a l  
e x p o s u r e  o f  t h e  wing  s e c t i o n  t o  c r y o u e n i c  t e m p e r a t u r e s .  I f  so, i t  
would be p r u d e n t  t o  c h e c k  f o r  t h i r  p o r r i b i l i t y  a t  a r t a g e  where 
t h e r e  is r t l l l  8COpe f o r  r e m e d i a l  m e a r u r e r  t o  be t a k e n ,  f o r  
e x a m p l e  many t h e r m a l  c y c l e r  c a r r i e d  o u t  b e t w e e n  room and c r y o g e n i c  
t e m p c r a t u r a r  migh t  i n d u c t  a 1 1  t h e  t r a n s f o r m a t i o n  from a u r t e n i t e  t o  
m a r t e n r i t e  t o  t a k e  p l a c e  b e f o r e  t h e  model went i n t o  r e r v i c e .  
a r e  t h e  r a m i - a u s t e n i t i c s  r u c h  a8 17-7PHI PH11)-7Mo, e t c . ,  which 
The f i n a l  c l a r r  of p r e c i p i t a t i o n  h r r d e n a b l e  s t a i n l e s s  s t e e l s  
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h a v e  a d u p l e x  m i ~ r ~ r t r ~ c t ~ r e  of a u r t e n i t e  a n d  d e l t a  f e r r i t e .  They  
are  c a p a b l e  of v e r y  h i g h  r t r e n g t h r  and h a v e  h e n  u r e d  f o r  room 
t e m p e r a t u r e  a i r f o i l  m o d e l o ,  b u t  t h e i r  tOughn.*re8 are t o o  low f o r  
them t o  be c o n r i d e r e d  r e r i o u r l y  f o r  c r y o g e n i c  u r e ,  and  i t  i o  a100 
p r o b a b l e  t h a t  t h e  two-phase  r t r u c t u r e  would c r ea t e  a p r o b l e m  v i t h  
t h e i r  d i m e n r i o n a l  s t a b i l i t y .  
3.3 N o n - r t a i n l e s s  h i g h  s t r e n g t h  c t e e l r  
3.3.1 N a r a g i n g  a n d  quenched-and- t empered  r t e e l r  
G i v e n  t h e  n e e d  t o  p r o v i d e  a n d  m a i n t a i n  a h i g h  q u a l i t y  r u r f a c c  
f i n i s h  on c r y o g e n i c  wind t u n n e l  m o d e l s ,  t h e  d e r i g n e r r '  r t r o n g  
p r e f e r e n c e  f o r  s t a i n l e s s  s t e e l s  is r e a d i l y  u n d e r s t a n d a b l e .  
However, t h e r e  a re  a number of n o n - s t a i n l e s s  r t e e l r  t h a t  a p p e a r  t o  
o f f e r  t h e  a t t r a c t i o n  of  h i g h e r  y i e l d  r t r e n g t h r  combined  w i t h  
r ~ :  e p t a b l e  a i n  imum t o  u g  hne  s se r a t  c r y o g e n  i c t e  mpera t u  f e r  a n d  t h e  r e  
a r e  b e i n g  c o n s i d e r e d  s e r i o u s l y  f o r  l a t e r  model8  t h a t  w i l l  be 
r e q u i r e d  t o  c a r r y  e v e n  h i g h e r  l o a d s  t h a n  P a t h f i n d e r  I .  I t  s h o u l d  
be n o t e d ,  h o w e v e r ,  t h a t  s u r f a c e  t r e a t m e n t s  c a p a b l e  o f  p r o v i d i n g  a 
t o u g h ,  c o r r o s i o n - r e s i s t a n t ,  a c r s t c h - r e r i s t a n t ,  h i g h - q u a l i t y ,  
f i n i s h  need  t o  be i n v e s t i g a t e d  i n  p a r a l l e l  w i t h  a n  e v a l u a t i o n  of  
t h e s e  h i g h e r  s t r e n g t h  s t e e l 6  i f  a n  a c c e p t a b l e  model  is t o  be 
c r e a t e d .  
i n  p a r t i c u l a r  t h e  200 g r a d e  which  h a s  a y i e l d  stress of 1.86CPa 
( 2 7 0 k s i ) ,  t o g e t h e r  v i t h  a Charpy  i m p a c t  e n e r g y  of 3 9 5  ( 2 6 f t . l b )  a t  
7 8 K  ( -196Cb-320F) .  F u r t h e r m o r e ,  t h r  m a t e r i a l  is r e a d i l y  mach ined  
i n  t h e  a n n e a l e d  c o n d i t i o n  and  t h e r e  is v e r y  l i t t l e  d i m e n s i o n a l  
c h a n g e  d u r i n g  t h e  s i n g l e  r t e p  a g e i n g  c y c l e  a t  480C ( 9 0 0 F )  w h i c h  
p r e c i p i t a t i o n  h a r d e n s  t h e  s o f t  , low-carbon m a r t e n s i t e .  The 
r e s u l t a n t  n i e r o s t u c t u r e  is s t a b l e  and  n o t  a f f e c t e d  by c r y o g e n i c  
t e m p e r a t u r e  c y c l i n g .  D e s p i t e  p r o b l e m s  i n  o b t a i n i n g  t h e  l8Ni 
m a r a g i n g  s t e e l s  i n  a l l  r e , u i r e d  p r o d u c t  f o r m s ,  t h e  2 0 0  g r a d e  
o f f e r s  p r o b a b l y  t h e  most r e a l i s t i c  o p p o r t u n i t i e r  f o r  t h e  
c o n s t r u c t i o n  of h i g h l y  l o a d e d  m o d e l s .  I t  is, h o w e v e r ,  g e n e r a l l y  
t h o u g h t  t h a t  t h e  t o u g h n e d s  of  t h e  h i g h e r - r t r e n g t h  2 5 0  g r a d e  i o  
u n a c c e p t a b l y  low a t  78K (-196C,-320F) f o r  u a e  i n  c r i t i c a l l y  l o a d e d  
componen t s .  
HP9-4-20 w h i c h  c o n t a i n s  0 . 2 %  c a r b o n ,  h a v e  a l s o  b e e n  c o n r i d e r e d  f o r  
a o d e l  m a n u f a c t u r e .  HP9-4-20 h a s  a y i e l d  r t r e n g t h  of 1.3CPa 
( 1 8 3 k s i )  a t  7 8 K  ( -196C,-320F)  b u t  i t r  Charpy i m p a c t  e n e r g y  i a  o n l y  
b a r e l y  a c c e p t a b l e  and  i t  d o e s  n o t  a p p e a r  t o  m a t c h  t h e  a d v a n t a g e r  
o f f e r e d  by t h e  2 0 0  g r a d e  1 8 N i  m a r a g i n g  r t c c l r .  However, 
p r e l i m i n a r y  t r i a l s  h a v e  shown t h a t  i t  might be possible  
t o  i m p r o v e  i t a  t o u g h n e r r  by t h e  g r a i n  r e f i n i n g  t e c h n i q u e  t o  be 
d e s c r i b e d  i n  t h e  c o n t e x t  of t h e  l 2 N i  s t e e l s .  
H o s t  i m p o r t a n t  o f  t h e s e  s t e e l s  a r e  t h e  18Ni m a r a g i n g  s t e e l s ,  
The quenched  and  t e m p e r e d  9Ni-4Co r t e e l s ,  ouch  as t h e  
3.3.2 S u p e r  g r a i n - r e f i n e d  r t e e l r  
T h e  c l a r e i c ,  fundamen t81  m e t a l l u r g i c a l  t e c h n i q u e  of  g r a i n  
r e f i n e a e n t  i o  t h e  o n l y  mechani rm t h a t  i n c r e a r e r  b o t h  y i e l d  r t r e r r  
a n d  i m p r o v e r  t o u g h n e r r .  V i r t u a l l y  an:, a l l o y  i 8  c a p a b l e  of h a v i n g  
i t r  m e c h a n i c a l  p r o p e r t i e r  improved  by g r a i n  r e f i n e m e n t ,  b u t  i t  i r  
i n  s t c c l r  t h a t  t h e  t e c h n i q u e  h a r  been  e x p l o i t e d  t o  i t r  f u l l e r t .  
T h i o  i r  d u e  p r i m a r i l y  t o  t h e  eare  w i t h  which  g r a i n  r e f i n e m e n t  c a n  
be a c h i e v e d  by r u i t a b l e  t h e r m a l  c y c l i n g  t h r o u g h  t h e  a u a t e n i t c  t o  
f e r r i t e + c a r b i d e  or a u r t e n i t e  t o  m a r t e n r i t e  p h a r e  t r a n r f o r m a t i o n r .  
I n  t h e  i r o n - 1 2 X n i c k e l - r e a c t i v e  m e t a l  a i  > y o ,  S t e p h e n s  and  
? 
U i t s k e  of NASA Levis (Ref. 9) Bhat  a t  C a r n e g i e - N e l l o n  (Ref 10) 
and  Norris a t  B e r k e l e y  ( R e f . l l )  h a v e  rbowa t h a t  i t  I8 p o r r i b l e  t o  
combine  y i e l d  s t r e n g t h 8  1.64GPa (24  si) w i t h  f r a c t u r e  
t o u g h n e s r a r  of 2 2 O ~ a . m ~ ~ ’  ( 2 0 0 k r i . i n  19’) a t  78K ( -196CD-320F).  
T h e s e  p r o p e r t l e g  are o b v i o u r l y  v e r y  a t t r a c t i v e  f o r  c r y o g e n i c  model 
u s e  and  an  e v a l u a t i o n  exerc ise  is b e i n g  i n i t i a t e d  by LaRC t o  g i v e  
d a t a  on t h e i r  m a c h i n a b i l i t y  and d i m e n s i o n a l  r t a b i l i t y .  
4 .  I n d u c e d  S t r e s s  S y s t e m s  a n d  t h e i r  R e l a t i o n s h i p  t o  D i m e n s i o n a l  
S t a b i l i t y  
Warpage c a n  be b r o u g h t  a b o u t  e i t h e r  by t h e  c r e a t i o n  or  r e l i e f  
o f  s t resses  which  c a n  be i n c r e a s e d ,  or d e c r e a r e d ,  by one or more 
o f  t h e  f o l l o w i n g  mechaniems:  - a )  u n b a l a n c e d  r e s i d u a l  c o m p r e s s i v e  and  t e n s i l e  s t r e r r e s  
r e s u l t i n g  f rom t h e  o r i g i n a l  f a b r i c a t i o n  of t h e  p l a t e  
o r  b a r  s t o c k ;  
- b )  q u e n c h - i n d u c e d  stresses g e n e r a t e d  on c o o l i n g  f rom h i g h  
t e m p e r a t u r e  h e a t - t r e a t m e n t s ;  
- c )  c o m p r e s s i v e  or t e n s i l e  s t resses  i n t r o d u c e d  by m a c h i n i n g .  
T h e s e  c a n  be e l a s t i c  a n d / o r  p l a s t i c  d e p e n d i n g  on t h e  
d c g r e e  of d e f o r m a t i o n  c r e a t e d  d u r i n g  m e c h a n i c a l  w o r k i n g  
of  t h e  ma te r i a l ,  and  t h e y  c a n  c a u s e  p h a s e  
t r a n s f o r m a t i o n s  i n  t h e  s u r f u c e  l a y e r s ;  
- d )  l o c a l i z e d  s t r e s s e s  c r e a t e d  by j o i n i n g  or  c l a m p i n g  
t e c h n i q u e s ;  
- e )  s t r e s s e s  c r e a t e d  d u r i n g  t e m p e r a t u r e  c y c l i n g  by 
d i f f e r e n t i a l  t e m p e r a t u r e  g r a d i ? n t s ,  p a r t i c u l a r l y  a c r o r s  
uneven  s e c t i o n s .  
T h e s e  s t r e s s  s y s t e m s  c a n  be of  c o n s i d e r a b l e  m&(lIIitUde, o f t e n  
l o c a l l y  e x c e e d i n g  t h e  y i e l d  s t r e a s ,  8nd t h e  r e s u l t a n t  s t r a i n s  c a n  
p r o d u c e  d e f o r m a t i o n  and  warpage  wh ich  g i v e s  r i se  t o  de f  l e c t i o n s  of  
many t h o u s a n d t h s  of  an  i n c h  on t y p i c a l  a i r f o i l  s e c t i o n s .  
I d e n t i f y i n g  and s e p a r a t i n g  t h e r e  mechanism8 in i n d i v i d u a l  cafles is 
d i f f i c u l t ,  o r  o f t e n  i m p o r s i b l e ,  b u t  some g e n e r a l  g u i d e l i n e s  c a n  be 
l a i d  down. 
4.1 = d u a l  f a b r i c a t i o n  s t resses  and  p o s s i b l e  r e l i e f  
by h e a t - t  r e a t m e n t  
Hos t  p r o d u c t  f o r m s ,  p l a t e ,  t u b e ,  b a r ,  e t c . ,  t h a t  have  
u n d e r g o n e  a s j g n i f i c a n t  amount  of p l a s t i c  d e f o r m a t i o n  d u r i n g  
f a b r i c a t i o n  a r r i v e  f rom t h e  s u p p l i e r s  c o n t a i n i n g  some fo rm o f  
r e s i d u a l  r t r e s ~  s y s t e m .  I t  I8 common p r a c t i c e  t o  c a r r y  o u t  a 
r t r e s - - r e l i e v i n g  h e a t - t r e a t m e n t  p r i o r  t o  f a b r i c a t i o n ,  b u t  i t  is 
e r r e n i i a l  t o  have  a good a p p r e c i a t i o n  of t h e  p o s s i b l e  
m e t a l l u r g i c a l  e f f e c t s  of d i f f e r e n t  h e a t - t r e a t m e n t s .  For e x a m p l e ,  
t h e  h i g h e r  t h e  t e m p e r a t u r e ,  t h e  more r a p i d  r n d  e x t e n s i v e  t h e  
s t r e s s  r e l i e f ,  b u t  t h e  g r e a t e r  t h e  r i s k  of  g r a i n  g r o w t h  or  of 
o v e r - a g e i n g  a p r e c i p i t a t e  r t r u c t u r e .  F u r t h e r m o r e ,  in many a l l o y s ,  
p a r t i c u l a r l y  t h e  a u r t e n i t i c  r t a i n l e r r  s t e e l s ,  t h e r e  a r e  
i n t e r m e d i a t e  t e m p e r a t u r e  r a n g e r  i n  which  u n d e s i r a b l e  s t r u c t u r e s ,  
s u c h  as g r a i n  bound8ry  c a r b i d e s  and  s igma  p h r r e ,  c a n  be formed i f  
t h e  m a t e r i a l  is  h e l d  f o r  t o o  l o n g .  In s u c h  c a s e s ,  i t  is  n o r m a l l y  
recommended t h a t  o i l  o r  water q u e n c h i n g ,  or f o r c e d  a i r  c o o l i n g ,  is 
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u r e d  t o  m i n i m i z e  t h e  time s p e n t  c o o l i n g  t h r o u g h  t h e  u e d e r i r e b l e  
t e m p e r a t u r e  r a n g e .  Unegen h e a t  r emova l  d u r i n g  v e r y  r a p i d  c o o l i n g  
c a n ,  however ,  c r ea t e  q u e n c h i n g  r t r e r i e s  a n d ,  i n  extreme carer ,  
q u e n c h  c r a c k s ,  t h a t  are o f t e n  ar  s e r i o u s  as  those t o  be removed by 
t h e  h e a t  - t rea  t men t 
s u c c e s s f u l l y  d u r i n g  t h e  f a b r i c a t i o n  of a n  e x p e r i m e n t a l  N i t r o n i c  40 
a i r f o i l  i n v o l v e d  c r y o q u e n c h i n g  i n t o  l i q u i d  n i t r o g e n .  D e r p i t e  i t a  
a p p a r e n t l y  d r a s t i c  n a t u r e ,  t h i s  t e c h n i q u e  in f a c t  g i v e s  a n  e v e n  
a n d  c o n t r o l l e d  h e a t  f l ow o u t  of t h e  mater ia l  t h r o u g h  t h e  g a s  
b l a n k e t  t h a t  is fo rmed  a t  t h e  m e t a l / l l q u i d  n i t r o g e n  i n t e r f a c e .  
T h i s  t e c h n i q u e  c o u l d  h a v e  i n c r e a s i n g  u s e  f o r  t h e  c o n s t r u c t i o n  of 
m o d e l s  f o r  c r y o g e n i c  a p p l i c a t o n s  b e c a u s e  i t  h a s  t h e  a d d e d  b e n e f i t  
o f  e x p o s i n g  t h e  ma te r i a l  t o  low t e m p e r a t u r e s  e a r l y  on i n  t h e  
m a n u f a c t u r i n g  s e q u e n c e ,  so g i v i n g  a n  e a r l y  i n d i c a t i o n  of  i t r  
c r y o g e n i c  b e h a v i o u r .  F u l l e r  d e t a i l s  o f  t h i s  t e c h n i q u e  are  g i v e n  
i n  Ref .4 .  
One p o s r i b l e  v a r i a t i o n  on t h e  q u e n c h i n g  theme t h a t  was u s e d  
4.2 S t r e s s e s  c r e a t e d  d u r i n g  m a c h i n i n g  and  o t h e r  
f a b r i c a t i o n  p r o c e s s e s  
A l l  c o n v e n t i o n a l  m a c h i n i n g  t e c h n i q u e s  have  i n  common t h e  
b a s i c  m i c r o s c o p i c  mechanism o f  r emov ing  m a t e r i a l  by s h e a r i n g  o r  
f r a c t u r i n g  a l a y e r  f rom t h e  r e m a i n i n g  mass, and  f o r  t h i s  t o  happen  
s t r e s ses  must l o c a l l y  e x c e e d  t h e  s h e a r  or  f r a c t u r e  s t r e s s .  Very 
h i g h  i n s t a n t a n e o u s  t e m p e r a t u r e s  c a n  a l s o  be g e n e r a t e d  and  t h e  n e t  
e f f e c t  of t h e s e  h i g h  s t r e s s  and  t e m p e r a t u r e  l e v e l s  c a n  be t h e  
c r e a t i o n  o f  r e s i d u a l  s t r e s s e s  i n  t h e  r e m a i n i n g  m a t e r i a l ,  t e r m e d  
m a c r o s t r e s e e s  i f  t h e y  are d i s t r i b u t e d  u n i f o r m l y  o v e r  a p p r e c i a b l e  
a r e a s  o r  m i c r o s t r e s s e s  i f  t h e y  v a r y  f r o m  g r a i n  t o  g r a i n  or  w i t h i n  
t h e  g r a i n  i t s e l f .  Of p a r t i c u l a r  r e l e v a n c e  are  t h e  s t resses  
d e v e l o p e d  in t h e  t h i n  l a y e r  b e n e a t h  t h e  mach ined  s u r f a c e  wh ich  c a n  
s i g n i f i c a n t l y  e x c e e d  t h e  y i e l d  s t r e s s ,  and  a l s o  c h a n g e  f rom 
t e n s i l e  t o  c o m p r e s s i v e  o r  v i c e  v e r s a  w i t h i n  a few t h o u s a n d t h s  of  
a n  i n c h .  
I n  m e t a l l u r g i c a l l y  s t a b l e  m a t e r i a l s ,  p l a s t i c  d e f o r m a t i o n  i n  
t h e  s u r f a c e  l a y e r  c r e a t e s  e x c e s s i v e  d i s t o r t i o n  and  work h a r d e n i n g  
o f  t h e  g r a i n s ,  i n d e e d  t h e  i n d u c e d  s t r e s ses  are  c l o s e l y  d e p e n d e n t  
on t h e  work h a r d e n i n g  p r o p e r t i e s  of t h e  mater ia l .  Lower metal  
r e m o v a l  r a t e s  and  i n c r e a s e d  t o o l  wear d u r i n g  e u b s e q u e n t  ~ ~ t c h l n i n g  
p a s s e s  f o l l o w  f r o m  t h e  c r e a t i o n  of t h e s e  h a r d  s u r f a c e  l a y e r s ,  and 
i n  many c a s e s  i n t e r m e d i a t e  a n n e a l i n g  h e a t - t r e a t m e n t s  have  t o  be 
employed  t o  e n a b l e  m a c h i n i n g  t o  c o n t i n u e .  T e m p e r a t u r e s  r a n g i n g  
f r o m  30 t o  50% o f  t h e  m e l t i n g  p o i n t  a re  g e n e r a l l y  n e c e r r a r y  t o  
a c h i e v e  r e c o v e r y  o f  t h e  h i g h  d i s l o c a t i o n  d e n s i t i e s  c r e a t e d  d u r i n g  
c o l d  w o r k i n g ,  and some r e c r y r t a l l i z a t i o n  of t h e  d i s t o r t e d  g r a i n s  
c a n  t a k e  p l a c e  a t  t h e  u p p e r  l i m i t  o f  t h i s  t e m p e r a t u r e  r a n g e .  In 
m e t a l l u r g i c a l l y  u n s t a b l e  m a t e r i a l s ,  s u c h  as t h e  a u s t e n i t i c  
s t a i n l e  a a 8 t ee 1 s d i s c ua s ed  earlier , 
h e a t - t r e a t m e n t s  a r e  n e c e s s a r y  t o  r e a t o r e  t h e  d e f o r m a t i o n  i n d u c e d  
m a r t e n s i t e  p h a s e  t o  a u s t e n i t e .  
Thus  one t e c h n i q u e  f o r  c o p i n g  w i t h  m a c h i n i n g - i n d u c e d  r t r e s a e s  
i s  t o  r e d u c e  them by h e a t - t r e a t m e n t a  wh ich  may, o r  may n o t ,  c r ea t e  
d i m e n s i o n a l  c h a n g e s  i n  t h e  w o t k p i e c e .  A n o t h e r  t e c h n i q u e  
f r e q u e n t l y  employed  i s ,  i n  e f  f e c t  , t o  b a l a n c e  t h e  i n d u c e d  r t r e r r e r  
by m a c h i n i n g  a l t e r n a t e  f a c e s ,  so r e t t i n g  up o p p o r i n g  f o r c e s  wh ich  
k e e p  t h e  m a t e r i a l  i n  t h e  r e q u i r e d  i h a p e .  For r i m p l e  s h a p e r  end  
s e c t i o n r ,  c o n s i d e r a b l e  r u c c e r r  c a n  be a c h i e v e d  i n  t h i r  way, b u t  i n  
more complex  s i t u a t i o n s  s u c h  as an  i n s t r u m e n t e d  a i r f o i l ,  i t  would 
be v e r y  d i f f i c u l t  t o  s p e c i f y ,  l e t  a l o n e  c o n t r o l ,  t h e  a p p r o p r i a t e  
h i  ghe  r t e m p e r a t u r e  
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d e g r e e  o f  r e s i d u a l  r t r e e r  needed  a t  d i f f e r e n t  p a r t s  of  i t s  v a r y i n g  
r e c t i o n  and  p r o f i l e .  
For c r y o g e n i c  u s e  t h e  c o n c e p t  of  b a l a n c i n g  r e s i d u a l  s t r e s a e r  - ,:,.~-. more u n l i k e l y  t o  be s u c c e m r f u l .  The t h e r m a l  stresner r e t  
up dt, '.-s c y c l i n g  be tween  room and c r y o g e n i c  t e m p e r a t u r e s  c a n  be 
o f  a 8 .,Liar m a g n i t u d e  t o  t h e  r e s i d u a l  s tresrcs i n d u c e d  by 
m a c h i n i n g  a n d ,  d e p e n d i n g  on t h e i r  t e n r i l e  o r  c o m p r e s s i v e  n a t u r e ,  
t h e y  can e i t h e r  i n c r e a s e ,  o r  d e c r e a s e  t h e  m a g n i t u d e  of  a 
p a r t f c u l a r  l o c a l  s t ress  s y s t e m .  
T h u s ,  e v e n  i n  m e t a l l u r g i c a l l y  s t a b l e  
ma te r i a l s ,  c r y o g e n i c  c y c l i n g  c a n  a l t e r  
s i g n i f  i c a n t l y  t h e  r e s i d u a l  r t r e s r  s y s t e m  and  t h u r  
c r ea t e  d i m e n s i o n a l  c h a n g e s .  It  is  of t e n  p o s s i b l e  , 
however ,  t o  a c h i e v e  d i m e n s i o n a l  a t a b i l i t y  by 
c a r r y i n g  o u t  a number of  t h e r m a l  c y c l e s  be tween  
room and c r y o g e n i c  t e m p e r a t u r e s ,  s u c h  t h a t  t h e  
s t r e s s  s y s t e m  is s t a b i l i s e d  t o  t h e  e x t e n t  t h a t  no 
w a r p a g e  o c c u r s  d u r i n g  s u b s e q u e n t  t e m p e r a t u r e  
c y c l e s .  
T h i s  c o n d i t i o n i n g  or t r a i n i n g  e f f e c t  is i n  some r e s p e c t s  
s i m i l a r  t o  t h e  v i b r a t o r y  r t ress  r e l i e f  t e c h n i q u e  s o m e t i m e r  u r e d  t o  
r e d u c e  r e s i d u a l  s t resses  i n  p r e s s u r e  v e s s e l s  and  o t h e r  we lded  
s t r u c t u r e s .  I n  t h e  c o n t e x t  of  a c r y o g e n i c  wind t u n n e l  model  i n  
w h i c h  extreme d i m e n s i o n a l  a c c u r a c y  is r e q u i r e d  , t h e  main 
d i f f i c u l t y  comes i n  f i n d i n g  a t e c h n i q u e  by wh ich  t h e  d i m e n s i o n a l  
c h a n g e s  r e s u l t i n g  f rom c r y o g e n i c  o r  e l e v a t e d  t e m p e r a t u r e  ( o r  
p o s s i b l y  v i b r a t o r y )  s t r e a m - r e l i e f  c a n  be c o r r e c t e d  t o  g i v e  t h e  
r e q u i r e d  f i n a l  p r o f i l e .  Let  us  a s sume  f o r  t h e  s a k e  of d i s c u r s i o n  
t h a t  a model  h a s  been  p u t  i n t o  a b a l a n c e d  o r  s t r e s s - f r e e  s t a t e  
w h i l e  s t i l l  a d e q u a t e l y  o v e r s i z e  t o  a l l o w  remova l  of  t h e  s m a l l  
a m o u n t s  o f  mater ia l  r e q u i r e d  t o  e s t a b l i r h  t h e  f i n a l  p r o f i l e .  I f  
t h e  t e c h n i q u e  u s e d  i n  removinR t h i s  mater ia l  i n d u c e s  f u r t h e r  
m a c h i n i n g  s t resses ,  t h e n  t h e  c y c l e  of w:rpage - t h e r m a l  t r e a t m e n t  
f o r  s t ress  r e l i e f  - d i m e n s i o n a l - o u t - o f - t o l e r a n c e ,  w i l l  be 
r e s t a r t e d .  
s t r e s s e r  a r e  n e e d e d ,  and  r e c e n t  p r o g r e s s  i n  
E l e c t r o - D i s c h a r g e  M a c h i n i n g  (EDH) u r i n g  n u m e r i c a l l y  c o n t r o l l e d  
wirer  i s  t o  be welcomed.  I n d e e d ,  i t  i s  p o s s i b l e  t o  e n v i s a g e  a 
p o s s i b l e  f u t u r e ,  b u t  a s  y e t  u n d e v e l o p e d ,  t e c h n i q u e  f o r  t h e  
f a b r i c a t i o n  of 3 - d i m e n s i o n a l  mode l s  i n  wh ich  t h e  s h a p e  1s c r e a t e d  
f r o m  a s t a b i l i z e d  b l o c k  of m a t e r i a l  by a c o m b i n a t i o n  of c h e m l c s l  
m i l l i n g ,  EDM and  e l s c t r o p o l i s h i n g  t h a t  would be c o m p l e t e l y  s t r c r s  
f r e e .  
t e c h n i q u e  most f r e q u e n t l y  u s e d  f o r  f i n i s h  m a c h i n i n g ,  namely  
s u r f a c e  g r i n d i n g ,  c a n  be r e r p o n r i b l e  f o r  c r e a t i n g  h i g h ,  l o c a l i s e d  
s u r f a c e  s t r e s p e u .  I n  a r a t h e r  o l d  r e v i e w  on r e s i d u a l  s t r e s s ,  
H o r g e r  ( R e f . 1 2 )  q u o t e s  a number of  t es t s  in which  s u r f a c e  s t re rses  
o f  t e n r  o r  e v e n  h u n d r e d s  of  k s i  were c r e a t e d  d u r i n g  g r i n d i n g .  In 
o n e  care ,  f o r  e x a m p l e ,  ( R e f . 1 3 )  a t e n s i l e  s t ress  of S O k s i  was set  
up a t  t h e  s u r f a c e  by wet g r i n d i n g  SAP: 1020 a n n e a l e d  s t e e l  e v e n  
t h o u g h  t h e  d e p t h  o f  cut. war l l m i t e d  t o  0 .0003 in .  
g r i n d i n g  b u t  i t  1s u n l i k e l y  t o  be a p r a c t i c a l  p o s s i b i l i t y  f o r  
c r e a t i n g  complex  p r o f i l e s  much a s  a i r f o i l s ,  e x c e p t  i n  t h e  c o n t e x t  
o f  hand l a p p i n g  o r  p o l i s h i n g  t o  remove l o c a l i z e d  h i g h  s p o t s .  
E l e c t r o c h e a i c a l  m a c h i n i n g  o r  p o l i r h i n g  migh t  be a more a c c e p t a b l e  
I d e a l l y ,  m a c h i n i n g  t e c h n i q u e s  which  do n o t  c r ea t e  r e s i d u a l  
I n  t h e  mean t ime ,  however ,  i t  i r  u n f o r t u n a t e  t h a t  t h e  
L a p p i n g  i r  g e n e r a l l y  c o n r i d e r e d  t o  i n d u c e  f e w e r  s t r e a s e m  t h a n  
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t e c h n i q u e  f o r  r e m o v i r g  metal f r o m  s e l e c t e d  a r ea l  b u t  f u r t h e r  
d e v e l o p m e n t  w i l l  u n d o u b t e d l y  be r e q u i r e d  t o  b u i l d  up e x p e r i e n c e  o f  
t h e  f a c t o r 6  n e c e r r a r y  t o  a c h i e v e  :he r e q u i r e d  d e g r e e  of c o n t r o l  
a n d  r e p r o d u c i  b i l l  t y. 
N e v e r t h e l e s s ,  f o r  t h e  I m m e d i a t e  f u t u r e  and  i n  p a r t i c u l a r  f o r  
t h e  c u r r e n t  g e n e r a t i o n  o f  m o d e l s  much as P a t h f i n d e r  I ,  i t  w i l l  be 
n e c e s r a r y  t o  s t a y  w i t h  t r i e d  and  e r t a b l i s h e d  t e c h n i q u c r  of  metal  
r e m o v a l .  
We would , however  , r t  r o n g l y  recommend t h e  a d o p t i o n  
of  t h e  p r a c t i c e  of e x p o r i n g  a model  or  component  t o  
o n e  o r  more c y c l e s  o f  c r y o g e n i c  c o o l i n g  and  
c o - o r d i n a t e  v e r i f  i c a t i o n  b e f o r e  t h e  f i n a l  r t a g e e  of 
f i n i s h  m r c h i n i n g .  I n  t h i s  way t h e  m a t e r i a l  w i l l  
h a v e  a c h a n c e  t o  u n d e r g o  eome f o r m  of e t r e s 8  
ad  j u s t m e n t  and  p o s s i b l e  s t r u c t u r a l  m o d i f i c a t i o n  
b e f o r e  f i n a l  m a c h i n i n g .  By c o n d i t i o n i n g  a model I n  
t h i s  manner ,  i t  m i g h t  be p o s s i b l e  t o  a v o i d  t h e  
e m b a r r a s s m e n t  and  e x p e n s e  of  h a v i n g  a model warp 
e x c e s s i v e l y  d u r i n g  its i n i  t i e l  e x p o s u r e  t o  a 
c r y o g e n i c  e n v i r o n m e n t  i n  t h e  wind t u n n e l .  
5 .  A Recommended S p e c i m e n  C o n f i g u r a t i o n  f o r  t h e  S y s t e m a t i c  
i t v a l u a t i o n  o f  F a c t o r s  I n f l u e n c i n g  Warpage 
From t h e  a r g u m e n t r  p r e s e n t e d  so f a r  ?n t h i s  r e p o r t  i t  w i l l  be 
a p p r e c i a t e d  t h a t  t h e r e  a r e  many d i f f e r e n t  f a c t o r e  wh ich  a f f e c t  t h e  
d i m e n s i o n a l  r t d i l i t y  o f  modelm d e s i g n e d  f o r  ure i n  c r y o g e n i c  wind 
tuiIcteTq. Many d i f f e r e n t  t e s t s  and  i n v e r t l g a t f  ons have  r ' r e a d y  
O', i r r i e d  o u t ,  and  which will be r e p o r t e d  by LaRC. 
. h e l e s s ,  i t  war f e l t  t h a t  a need  c l e a r l y  e x i r t e d  f o r  t h e  
e .R . .T l i shmen t  o f  a r t a n d a r d  r p c c i m e n  c o n f i g u r a t i o n  t h a t  would be 
t e p r c s e n t a t i v e  o f  t h e  n a t u r e  and  s c a l e  of a t y p i c a l  a i r f o i l  model .  
t ' i f f e r e n t  m a c h i n i n g  and  h e a t - t r e a t m e n t  c y c l e s  c o u l d  t h e n  be 
c a r s l e d  o u t  on a r a n g e  of  m a t e r i a l s  i n  s u c h  a way t h a t  m e a n j n g f u l  
b:ompatisons c o u l d  be made be tween  t h e i r  r e r u l t r .  E v e n t u a l l y ,  a 
c o m p r e h e n r i v e  c r o r s - c o r r e l a t i o n  o f  t h e r e  f i n d f n g r  r h o u l d ,  
h o p e f u l l y ,  h e l p  c l a r i f y  t h e  p r e r e n t  romewha :on fu red  r i t u a t i o n .  
p r o p o s e d  by LaRC perraane l  and refined by the  author. It8 rise w a e  
c h o s e n  t o  be e c o n o m i c a l  i n  i t a  demandr on m a t e r i a l ,  y e t  s t i l l  h a v e  
a e e c t i o n  r e p r e e e n t a t i v e  of  a r r a r o n a b l e  t h i c k n e r r  of  m a t e r i a l .  
( A  s t a n d a r d  r i t e  Charpy V n o t c h  i m p a c t  t e s t  r p e c f o e n  c a n  i n  f a c t  
be c u t  f rom t h e  t h i c k e s t  p a r t  o f  t h e  s a m p l e ) .  A r t e p p c d  p r o f i l e  
war chosen i n  p r e f e r e n c e  t o  a wedge,  p a r t l y  b e c a u s e  r t c p r  r h o u l d  
be e a s i e r  t o  mach ine  and  t h e  r e f e r e n c e  f l a t  on t h e  u n d c r r i d e  be 
s i m p l e r  t o  c r e a t e ,  b u t  a l s o  b e c a u s e  t h e  r e r u l t r  r h o u l d  be e a s i e r  
t o  o b t a i n  and  i n t e r p r e t .  F u r t h e r m o r e ,  t h e  s t e p 6  a re  a l r o  t y p i c a l  
o f  t h e  s h a r p  c h a n g e r  of  r e c t i o n  f o u n d  i n  some a i r f o i l  modelm s u c h  
a s  t h o r e  w i t h  welded-on c o v e r p l a t e r .  F i n a l l y ,  t h e  t h i n n e r t  
s e c t i o n s  a re  t y r i c r l  o f  t h o r e  f o u n d  a t  t h e  t r a i l i n g  e d g e  o f  a n  
a i r  €01 1. 
A p r e l i m i n a r y  e v a l u a t i o n  o f  t h i s  c o n c e p t  h a r  been  c a r r i e d  o u t  
a t  Sou thampton  U n i v e r s i t y  and d e t a i l e d  r e r u l t s  w i i l  bo p r e r e n t e d  
i n  a r c p a r a t e  report. N e v e r t h e l e r r ,  some of t h e  i n i t i a l  r e r u l t r  on 
Varcomax 200 a r e  w o r t h  i n c l u d i n g  t o  g i v e  an i d e a  of  p o r r i b l e  r c o p e  
f o r  t h e  t e c h n i q u e .  The r c h e d u l e  o f  m a c h i n i n g ,  h e a t - t r e a t m e n t  and 
a e a r u r e m e n t  c y c l e r  i r  g i v e n  i n  T a b l e  3 ,  and  F i g u r e r  2 a n d  3 
d e m o n r t r r t a  t h e  r e r u l t r  of t r ace r  a c r o r s  t h e  l e n g t h  and  w i d t h  of 
A c c o r d i n g l y ,  t h e  c o n f i g u r a t i o n  l l l u r t r a t e d  i n  F i g u r e  1 war 
I 1  
t h e  sample  r e s p e c t i v e l y .  
T a b l e  3: ! ¶ a c h l n i n g  a n d  B e a t - T r e a t m e n t  S c h e d u l e  f o r  Vascomax 200,  
I n i t i a l l y  in Annea led  C o n d i t i o n  
Rough c u t  t o  s h a p e  60mmx60mmx12mm. 
Machine  o u t  6mm and  3mm s t e p s  t o  l e a v e  3mm s t e p ,  
Heat-treat f o r  b .5h r s  a t  480C (900F): Check macro and  
P r e p a r e  6 0 m m x 6 0 m m  u n s t e p p e d  f a c e  t o  r e f e r e n c e  s t a n d a r d .  
C a r r y  o u t  a p p r o p r i a t e  measurement  and  mapping.  
Use 0 . 5 l n .  d i a m e t e r  b a l l  end  m i l l  t o  r e d u c e  t h i c k n e s s  
36mr long.  
m i c r o h a r d n e s s  . 
of end  24mm t o  l.Smm, 1 5 t h o u . r a x .  m i l l i n g  s t e p s ,  
l i b e r a l  f l u i d  t o  c o o l .  
s t e p .  
Remeasure  and  map r e f e r e n c e  s u r f a c e  a f t e r  e a c h  m i l l i n g  
Re-check m i c r o h a r d n e s s  o f  m i l l e d  s u r f a c e  ( and  
m i &  rost  r u c  t u r e ?  ) 
I )  G r i n d  end  18mm t o  f i n a l  1.510 t h i c k n e s s ,  u s i n g  maximum of 
0 . 5 t h o u .  p e r  c u t ,  l i b e r a l  water b a s e d  e m u l s i o n  t o  c o o l ,  
32 p i n c h  f i n i s h .  
j )  Remeasure  and  map r e f e r e n c e  s u r f a c e .  
k )  G r i n d  end  12rm s t e p  to  0.75rm t h i c k n e s s  u s i n g  maxim?rm of 
0 .S thou .  p e r  c u t ,  same l u b r i c a t i o n  s y s t e m  and s u r f a c e  
f i n i s h  as f o r  s t e p  1 ) .  
1) Remeasure  and  map r e f e r e n c e  s u r f a c e .  
m )  Re-check m i c r o h a r d n e s s  of  g round  s u r f a c e  and  
m i c r o s t r u c t u r e .  
Di rec t  c o m p a r i s o n s  o f  t h e  d e f l e c t i o n s  r e c o r d e d  a l o n g  t h e  l e n g t h  of 
t h e  s p e c i m e n s  a r e  p o s s i b l e  b e c a u s e  t h e  c a p a c i t a n c e  p r o b e  is motor  
d r i v e n  i n  t h i s  d i r e c t i o n .  The r e a d i n g s  a c r o s s  t h e  v i d t h  h a v e ,  
however ,  had t o  be r e s c a l e d  l a t e r a l l y  b e c a u s e  t h e  p r o b e  had t o  be 
t r a v e r s e d  by hand i n  t h i s  d i r e c t i o n .  
l o n g i t u d i n a l  t r a v e r s e s  is t h e  m a g n i t u d e  and  d i r e c t i o n  of  t h e  
d e f l e c t i o n s  p r o d u c e d  by t h e  b a l l  end  m i l l i n g  s t a g e s ,  namely  a 
t o t a l  d e f l e c t l o r .  of almost O.OO6in (0.15.m) a t  t h e  e x t r e m e  e n d ,  
and  in a sense t h r i  i n f e r s  t h a t  c o m p r e s s i v e  s t resses  have  been  
c r e a t e d  d u r i n g  m i l l i n g .  Even more f a s c i n a t i n g  is t h e  r e s u l t  of 
t h e  f i r s t  g r i n d i n g  o p e r a t i o n  c a r r i e d  o u t  on t h e  end 1 8 m m  wh ich  
r e d u c e d  t h e  t o t a l  c u m u l a t i v e  d e f l e c t i o n  a t  t h e  end  t o  a b o u t  
O.OO2in ( 0 . 0 5 m m ) ,  t h u s  i n d i c a t i n g  t h a t  g r i n d i n g  had i n d u c e d  
t e n s i l e  s t resses  i n t o  t h e  s u r f a c e  l a y e r  which  p a r t i a l l y  c a n c e l l e d  
o u t  t h e  c o r p r e s s i v e  s t r e s ses  c r e a t e d  by m i l l i n g .  
One i m m e d i a t e l y  s t r i k i n g  o b s e r v a t i o n  t o  be made a b o u t  t h e  
I f  t h i e  ree ic t t  can be confirmed,  q u a n t i f i e d  and 
c o n t r o l l e d ,  i t  opsne u p  the  t a n f a l i a i n g  prospec t  o f  
being a b l e  t o  manipulate the e t r e e e e e  i n  the  
sur face  layere  by appropr ia t e  combinat ions of 
m i l l i n g  and gr inding  s t o p e .  Indeed,  i t  may eoen ba 
p o e e i b t e  t o  f i n e  tune the  dimeneional changee 
requ i red  t o  e e t a b l i e h ,  or c o r r e c t ,  the  requ i red  
eurface  p r o f i l e  of an a i r f o i l  by t h i e  t echn ique .  
The t r a v e r s e s  a c r o s s  t h e  w i d t h  of t h e  sample  n e a r  i t s  
t h i n n e s t  edge  show t h a t  m i l l i n g  c a u s e s  i t  t o  bow w i t h  a g r e a t e r  
d e f l e c t i o n  a t  t h e  e d g e s  t h a n  a t  t h e  c e n t r e .  F u r t h e r m o r e ,  t h e  
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m a g n i t u d e  o f  t h i s  e f f e c t  b u i l d 8  up w i t h  i n c r e 8 r e  i n  t h e  number o f  
m i l l i n g  8 t a g e 8 .  The d r 8 m 8 t i c  e f f e c t  o f  t h e  8ub8cqUent  g r i n d i n g  
s t a g e 8  18 8180 f l l U r t t 8 t e d  v i v i d l ~  88 t h e  bowing e f f e c t  18 O O t  
o n l y  r e d u c e d  i n  m 8 g n i t u d e  b u t  8180 ch8nged  in r i g n  w i t h  m8ximum 
d e f l e c t i o n  now a t  t h e  c e n t r e  o f  t h e  s p a n .  
n o t  y e t  c o m p l e t e ,  t h e  I n i t i a l  r e r u l t r  d e m o o r t r 8 t e  t h a t  i t  18 
p o s s i b l e  t o  g e n e r a t e  m m n i a g f u l  d 8 t 8  u r l n g  t h e  p r o p o r c d  8 t 8 n d 8 r d  
s p e c i m e n  conf  i g u r a t i o n .  
6. S p e c l f i c 8 t l o n  and  D o c u m e n t a t i o n  o f  nateri81#. Machining S t 8 g e S L  
B e a t - T r e a t m e n t 8  8nd  C o - o r d i n a t e  V e r i f i c a t i o n  f o r  Model Component8 
and  B x p e r i m e n t 8 1  S8mple8  
T h u s ,  even t h o u g h  t h i r  p r e l i m i n a r y  a e r i e r  o f  m e 8 r u r e m e n t r  is 
I f  m8ximum r e t u r n  i s  t o  be a c h i e v e d  on t h e  t i m e  8nd  money 
s p e n t  i n v e r t i g 8 t l n g  t h e  p r o b l e e r  o f  d i m e n r i o n 8 1  i n r t a b i l i t y  in 
c r y o g e n i c  wind t u n n e l  mOdC18, i t  w i l l  be n e c e r r a r y  t o  8 d o p t  some 
f o r m  o f  r e c o r d i n g  s y s t e m  f o r  t h e  v 8 r i o u r  8 8 m p k 8  and  m o d e l s  
s t u d i e d .  In p a r t i c u l a r ,  e r t a b l i r h m e n t  o f  an a c c u r a t e  r e c o r d  o f  
t h e  ther r .1 ,  m e c h r n i e a l ,  c h e m i c a l ,  p r o c e r s i n g  8nd f 8 b r i c a t i o n  
h i r t o t i c s  o f  e a c h  s a m p l e  or model  w i l l  make it v e r y  much e8sier t o  
c o r r e l a t e  and  i n t e r p r e t  t h e  d 8 t 8  and  r e s u l t s  g e n e r a t e d  d u r i n g  t h e  
w a r p a g e  p r o g r 8 u e .  T a b l e  4 i 1 l u s t r a t e s  one p o s s i b l e  for8.t f o r  
s u c h  a r e c o r d  c a r d .  F u r t h e r  d e v e l o p m e n t  would o b v i o u r l y  be 
r e q u i r e d  b e f o r e  s u c h  a s y s t e m  were t o  be p u t  i n t o  o p e r a t i o n  and  
t h e  f o r m a t  given i n  T a b l e  4 is t o  i n d i c a t e  t h e  i d e a ,  r a t h e r  t h 8 n  
d e f i n e  t h e  d e t a i l s .  
7. C 1 8 s s i f i c a t i o n  o f  M a t e r i a l 8  in Term8 o f  t h e i r  M e t 8 l l u r g i c 8 1  
S t r u c t u r e  a n d  P o s s i b l e  L i a b i l i t y  t o  D i m e n s i o n a l  I n r t 8 b i l i t y  
As h a s  a l r e a d y  been  n o t e d ,  t h e r e  are n o t  very  many a l l o y s  
s u i t a b l e  f o r  t h e  c o n s t r u c t i o n  o f  m o d e l s  s u c h  8s P a t h f i n d e r  I f o r  
u r e  I n  c r y o q e n l c  wind t u c n e l r .  The r e v i e w s  by T o b l e r  ( I t e f .1 )  and  
Hudson ( R e f . 2 )  h a v e  d l s c u e s e d  t h e i r  c h o i c e  In d e t a i l  b u t  i t  h a s  
b e e n  s u g g e s t e d  t h a t  some fo rm of c o n d e n s e d  rummary, t o g e t h e r  w i t h  
comment on p o s s i b l e  p r o b l e m s  of d i m e n s i o n 8 1  i n s t 8 b l l i t y  would be 
o f  u s e .  A c c o r d i n g l y ,  a f l r r t  a t t e m p t  a t  s u c h  a summary i s  
p r e s e n t e d  In Append ix  I. F u r t h e r  r e f i n e m e n t s  c o u l d  t h e n  be m8de 
8 s  and  when more d e f i n i t i v e  i n f o r m a t i o n  bccomcr a v a i l a b l e  a s  t h e  
w a r p a g e  p r o g r a m e e  p r o c e e d s .  
8. C o n c l u s i o n r  
1. The p r o b l e m  of d i m e n s i o n a l  i n s t a b i l i t y  i n  a i r f o i l  mode l s  
f o r  c r y o g e n i c  wind t u n n e l s  h a s  been  d i s c u s s e d  i n  terms of t h e  
v a r i o u s  m e c h a n i r e e  t h a t  c a n  be r e s p o n r i b l e  f o r  t h e  o b s e r v e d  
e f  f e c  t i .  
t h e  1 2 %  a i r f o i l  f a b r i c a t e d  f rom 15-5PH r t a i n l e s s  s t e e l  in t h e  
H1150H c o n d i t i o n ,  which  warped  i n  t h e  0.3m T r a n r o n i c  C r y o g e n i c  
T u n n e l ,  vas due  p r i m a r i l y  t o  i n t r i n s i c  m e t a l l u r g i c a l  i n s t a b i l i t y  
o f  15-SPH i n  t h e  H 1 1 5 0 H  c o n d i t i o n .  
p o s s i b l e  d i o e n r i o n a l  i n r t a b i l i t y  i n  c r y o g e n i c  u r a g e  h a s  been  
d i r c u r s e d  f o r  t h o r e  r t c c l r  of mor t  i n t e r e r t  f o r  wind t u n n e l  model  
c o n r t r u c t i o n .  I t  is c o n c l u d e d  t h a t  t h e  f u l l y  a u r t e n i t i c  or f u l l y  
m a r t c n r i t i c  r t e e l s  a r e  l i k e l y  t o  be of mor t  p r a c t i c a l  u s e .  
4. O t h e r  b a s i c  mechanisms r e r p o n r i b l e  f o r  r e t t i n g  up 
r e r i d u a l  r t r e r s  s y s t e m s  a r e  d i s c u s s e d ,  t o g e t h e r  w i t h  ways i n  whlch  
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2. It  is c o n c l u d e d  t h a t  t h e  i n i t i a l  p r o b l e m  e n c o u n t e r e d  w i t h  
3 .  The i n t e r r e l a t i o n s h i p  be tween  m e t 8 l l u r g i c a l  s t r u c t u r e  and 
t h e i r  m a g n i t u d e  may be r e d u c e d  by v a r i o u 8  e l e v a t e d  or lou 
t e m p e r a t u r e  t h e r m a l  cjcle8. 
overcome t h e  p rob lem8  e n c o u n t e r e d  by t h e  f i r 8 t  6 e n e r a t l o n  o f  
cryogenfc u i n d  t u n n e l  mode l8  8uch  88 P a t h f i n d e r  1, it  $8 8 t r o n g l : v  
recommended t h a t  t h i s  o p p o r t u n i t y  be t a k e n  to 8et up a programme 
t o  c o - o r d i n a t e  a n d  c o r r e l a t e  t h e  d a t a  a l r e a d y  a v a i l a b l e  and  t h a t  
6 .  A s t a n d a r d  s p e c i m e n  c o n f i p r a t i o n  ha8 k e n  propo8ed  f o r  
5. A l t h o u g h  it  is a c c e p t e d  t h a t  t h e  i r e d i a t e  p r i o r i t y  i 8  to  
y e t  to  be p r o d u c t d .  
uee i n  e x p e r i m e n t a l  i a ~ e s t i g a t i o n m  i n t o  t h e  e f f e c t 8  o f  u c h i n i n 6 ,  
h e a t - t r e a t m e n t  and  o t h e r  v a r i a b l e 8  t h a t  i n f l u e n c e  t h e  d i m e n 8 i o n a l  
s t a b i l i t y  of m a t e r i a l .  of in tereet  f o r  cryogenic u i n d  t u n n e l  
model8 .  
7. P r e l i m i n a r y  r t 8 U l t 6  Of t h e  U 8 C  Of th i8  c o n f i @ ~ r a t i o n  f o r  
Va8comax 200 are p r e 8 e n t e d  b r i e f l y .  They 8hov t h a t  b a l l  end  
m i l l i n g  I n d u c e 8  r e 8 l d u a l  COmpre88iVe 8treO8e8 a n d  t h a t  8 u b 8 e q u e n t  
g r i n d i n g  r e d u c e 8  t h e  c o m p r e 8 s i v e  8tKe88a8, p r o b a b l y  by i n d u c i n g  
r e s i d u a l  t e n 8 i l c  8tre88e8. 
8. I t  1s recommended t h a t  a mystem o f  s p e c i f i c a t i o n  and  
d o c u m e n t a t i o n  o f  materiala, m a c h i l t i n g  8tagL8, b c 8 t - t r e a t r e n t 8  and  
c o - o r d i n a t e  v e r i f i c a t i o n  be set up f o r  U 8 C  v i t h  model  componen t8  
a n d  e x p e r i m e n t a l  8 a r p l t S  c o n c e r n e d  v i t h  t h e  d i m e n s i o n a l  8 t a b i l i t y  
programme. one p O 8 8 i b l e  f o r m a t  f o r  8UCh r e c o r d  8y8 tem i 8  
p r o p o s e d .  
m e t 8 1 l U t g i C a l  8 t t U C t U t e  and  p o s s i b l e  l i a b i l i t y  t o  d i m e n 8 i o n 8 1  
9. A b r i e f  C l a 8 8 i f i C a t f O l l  Of 88ttri.18 i n  t e r m 8  Of t h e i r  
i n s t a b i l i t y  h a s  been a t t e m p t e d .  I t  is i n t e n d e d  t h a t  t h i 8  summary 
would be e x t e n d e d  and  u p d a t e d  a8 more d e f i n i t i v e  i n f o r m a t i o n  
becomes a v a i  l a b l t  . 
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